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TECHNIQUES FOR IMPROVING THE LOW-FREQUENCY
PERFORMANCE OF SIALL REVERBERATION CHAMBERS

By Terry D. Scharton, Peter E. Rentz, David Lubman,
and Pritchard H. White
Bolt Beranek and MNewman Inc.

INTRODUCTION

This report presents the results of an experimental
investigation of the performance characteristics of small
reverberation charbers.

In the course of the investigation a small rectangular
135 cubic feet concrete block reverberation chamber was
designed, fabricated, and evaluated. The experimental
results obtained indicate that the chamber performance
evaluated on the basls of statistical reliability and small
spatial variations in the time mean-square acoustic pres.uve
is good when the modal overlap index of the chamber is
greater than 1/3. In addition to the rectanpular chamber
configuration, a truncated chamber configuration was
experimentally investigated, and the results indicate
that the chamber performance 1is insensitive to the change
in the shape of the chamber and again depends only on
th: modal overlap index, which is a function of the chamber
volume and reverberation time.

The primary objective of this investigation was to
investigate means of improving the low-frequency performance
of small reverberation chambers. The followlng techniques
were investigated: (1) honeyvcomb panels were placed inside
the chamber to enrich the apparent acoustic modal density,
(2) absorption was added to increase the modal overlap
at low frequencles, (3) feedback devices were used in
an attempt to increase the reverberation time, (4) multiple
uncorrelated sources were used in an attempt to smooth
the frequency and spatial response of the chamber. The
addition of the modal enrichment honeycomb panels did
increase the apparent acoustic modal density of ¢iic chamber
and reduce the low-frequency spatial variations. The
addition of absorption also resulted in smaller spatial
variations in the low-frequency regime. (This technique
is currently used to improve the low-frequency response
of reverberation rooms used to measure the sound power



radiated by mechanical equipment.) The electronic feedback
technique did not work for broad-band noise excitation
because of feedback instability at a single freauency

in the excitation band. The uszs of multiple uncorrelated
sources did not result in an improvement in the performance
obtained with a single source.

In addition an expression is postulated for relating
the power delivered by an acoustic driver in a small
reverberant room to the power delivered by the driver
in a progressive wave tube. Thils expression 1s based
upon curcent analytical work and experimental data pre-
sented in the literature.

This report describes the design and evaluation of
two chamber configurations, discusses the investigation
of techniques for improving the low-frequency performance
of reverberation chambers, outlines guides for desipgning
reverberation chambers, and presents predictions of the
performance of 2135 cublc feet concrete wall and steel
wall reverberation chambers.

DESIGN AND EVALUATION OF TWO CHAMBER CONFIGURATIONS

Figure 1 shows the small reverberation chamber used
in the experimental portion of this program. The chamber
walls are constructed from standard concrete tlocks filled
with sand, and the ceiling is a steel-reinforced 6 in.
concrete slab poured in place. Entrance to the chamber
is provided by a 47 in. x 28.5 in. x 2 in. solid core
door with a good acoustic seal. The inside of the chamber
is finished with a hard smooth plaster.

The inside dimenslions of the baseline rectangular
chamber configuration are 76.3 in., 62 in., and 49.2 in.

which correzpond to a volume of 135 ft3 and a surface
area of 160.5 £t°. The baseline chamber dimensions are
apnroxiately in the ratio 3 ;373 0 1) suggzested

by Sepmeyerl/ for good chamber performance.

In »rder to estimate the performance of a proposed

NASA Goddard 2135 ft3 non-rectangular reverberation chamber,
a second chamber configuration shown in Fig. 2, was inves-
tigated. The truncated chamber configuration 1s reallzed

2



by inserting a reinforced plasterboard wecdre along the
lower left side of che chamber. The truncation reluces
the chamber floor wiith from 62 in. to 17 in. and the

height of the left chamber wall from 76.3 in. to 32 in.

The volume of the truncated chamber is 107 ft3, and the

surface area is 151 ft2.

Rectangular Chamber

Reverberation time. - Figure - shoi's measurements of
the reverberation time of the rectangular chamber shown
in Filg. 1 excited with 1/3-octave band noise. In two
of the low-~frequency 1l/3-octave bands, the decay rate
traces used to calculate reverberation times showed double
slopes. For these frequencies two reverberation times,
corresponding to each slope, are plotted in Fig. 3.
The measured reverberction times in the low frequency
regime from 160 to 500 Hz show considerable scatter but
generally ranre from 3-5 seconds. In the frequency range
from 630 to 16,000 Hz, the measured reverberation times
decrease in an orderly manner from approximately 3 seconds
at 630 Hz to 1/2~second at 16,000 Hz. Also shown in Fig. 3
is an effective absorption coefficient a calculated from

the reverberation time T according tog/

049V
ol

T = (1)

where V 1s the volume and A the surface area. The effective
absorption coefficient ranges from 1% at low frequenciles

to approximately 5% at 8000 Hz. It should be pointed out
that in the high frequency regime the effective absorption
coefficient reflects the effect of alr absorntion as well

as the absorption at the walls of the chamber.

Sine sweep response. - Figure 4 shows the sine sweep
response of the rectangular charber. The resonance fre-
quencies fn of the chamber can be calculated from the

characteristic equation given byif

[n\2 1412 o \2
2.3 IR ' SR o4 , (2)




where ¢ 1s the speed of sound in air (1128 ft/sec at T70° F.)
and Lx’ L., and LZ are the rocom dimensions in feet and

y
. take on the values 0, 1, 2, 3,

the indices N> ny, and n

. etc. The number of modes of the chamber in each
one-third octave band has beein calculated directly from
Eq. 2 using a digital computer program and also from

the asymptotic modal density n(f) expression given byﬂ/
n(f) = »anV + wfA + P (3)
3 2 " Bc °

c 2¢

where P is the length of chamber wall intersections.

The number of modes in each third octave band calculated
from Eqs. 2 and 3 are compared in Table I. The results
presented 1n Table I indlcate that for the chamber under
consideration, the simplified asymptotic modal density
exrression accurately predicts the number of modes in
one-third octave bands.

TABLE 1. - COMPARISON OF ASYMPTOTIC AND CHARACTERISTIC
EQUATION MODAL DENSITIES FOR 1/3-OCTAVE BANDS

n(f)of

£ Asymgg?tic Char. Eq.
80 1l 1l
100 1 1
125 1l 2
160 3 3
200 l 3
250 8 7
315 14 16
oo 27 25
500 50 48
630 92 93




It 1s common practice to determine the modal density
by counting the number of peaks 1n the sine sweep respcnse.
In Fig. 5 the cumulative resonance frequency distribution,
the integral of the modal density, determined from Eq. 3
is compared with a count of the sine csweep peaks exhibited
in Fig. 4. The criterion used fcr counting the sine sweep
response peaks was that the peak-to-valley ratio must
be 3 dB or more in order that the peak be counted. The
results of Fig. 5 1ndilcate Lhat above approximately 315 Hz
the response peak count method underestimates the cumulative
resonance frequency distribution. The first reason for
this 1s that some of the peaks are missed in the counting
procedure in the high frequency regime where the response
peaks are closely spaced in frequency. This difflculty
can be alleviated by measuring the sine sweep response
with a linear frequency sweep to increase the frequency
resolution. The second reason lles in the fact that in
the high frequency regime, where many response modes
occur within the band wildth of a single mode (the region
of modal overlap), the response peaks do not in_fact
even correspond to modal resonance frequencies.ﬁf

Modal overlap. - The index of modal overlap, M, provides
a measure of the lowest usable frequency in a well designed
reverberation room. The index M is defined as the product
of the 3 dB bandwidth A of a typlcal modal resonance and
the modal density n and is thus given by

M= An . (u4)

The 3 4B bandwidth of a modal resonance 1s given by

= 2.2
A= 5=, (5)

where T 1s the reverberation time for the mode in question.
Using the first term of the asymptotic formula for modal
density (Eg. 3) in Eqs. 4 and 5 yields for the frequency f
corresponding to a modal overlap index M

. 1/2
_ |Me
fe = [nr;} ' (6)

Equation 6 may be used to find the cutoff frequency fc

for statistical behavior of a well designed reverberation
room with known volume and reverberation time. Alternatively,
it may be used to find the required size for a reverberation
room intended to operatz at frequencies as low as fc‘
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In either case one has flrst to select a minimum value

of M. The appropriate value of M 1s an important (an open)
question. The current practice is to choose M = 3, however,
the results of thls study indicate that this choice may

be too conservative. In other words, a well designed room
may be useful to lower frequencies than 1is given by Eq. 6
with M = 3. The question of picking the appropriate

value of modal overlap index 1s consldered further in

the next section.

Spatial wariations. - Figire 6 presents measured and
predicted sp. “ial variations in the rectangular chamber.
Figure 6 alsc presents the value of modal overlap as a
function of frequency calculated from Eq. 6 using the
measured valiues of reverberation time reported in Fig. 3.

The empirical values of the standard deviation of
sound pressure level, S, are computed from a set of 60
sound pressu-e levels measured at various locations in
the chamber with 1/10-octave band and 1/3-octave band
nolse excitation. The locations were chosen for experi-
mental convenience to lie on the curved surface of an
imaginary cylinder 2 ft in diameter and 4 ft long. The
cylinder axis 1is normal to the chamber floor and passes
through the ceater of the chamber. All measurement loca-
tions were at least 1 ft from the chamber boundaries.

S 1is computed from the set of 60 measurement levels,
[Lij, using the customary formula for the standard deviation

of a group of measurements glven by

n 2

i

2_ (3 1)
L, -
2 5 i i

1 i=1
n(n_l) . (7)

Expressed in this way, S 1s an index of the magnitude

of spatial variation in the chamber. It 1is independent

of the mean level, meaning S would not change if the
experiment were repeated at a dif’:2rent sound pressure
level, and it 1s independent of time because the individual
sample levels are already time-averaged gquantities.

The predicted standard deviation in 4B units, ¢,
whicn applies only at the high frequencles where M is

greater than 1 1s given byé/

o = 5.6(1 + 0.23 BT) /2 (8)



where B 1s the equivalent flat spectrum bandwidth of
the excitation. (B = 0.23 fo for 1/2-octave bands wnd

B=20.11 fo for 1/10-octave bands, where fo is the band
center frequency.)

The data presented in Fig. 6 indicaie thai the predicted
and empirical values of spatlal variation for 1, .0 and
1/3 octave band excitation are in essential agreement
at frequencles above 1000 Hz corresponding to modal overlap
indexes greater than 1. However the measured values of
spatial variation do not excz2ed 1 dB until one goes to
frequencies less than 630 Hz. (Notice that the measured
spatial variations for 1/10-octave band excltation change
slope considerably at €30 Hz.) The data presented in
Fig. 6 thus indicate that the rectangular cr: . ter 1s useful
at frequencles above 630 Hz or at modal ove _~r indices
above 1/3.

The measured reverberation times presented in Fig. 3
alsc lend credence to the choice of lower :utoff frequency
of 630 Hz ani modal overlap index of 1/3. At frequencies
below 630 Hz the reverberation decay measurements exhibit
irregularities of various kinds such as double siypes
and fluctuation ¥n the mcan reverberation time from fre-
quency band to band. At frequencies above 630 Hz “he decay
curves show single slopes and a systematic trend in the
mean slope from frequency band to band.

Truncated Chamber

Reverberation time. - Figure 7 shcws 1/3-octave band
excltation measureme.ts of the reverberation time of the
truncated chamber. The neasured reverberation times have
also been converted into an effective absorption coefficient
using Eq. 1. The measured reverberation times show con-
siderabie scatter a' ~ are sometimes multivalued at frequenciles
below approximately ) Hz and cecrease monotonically with
increasing frequency ove UGO tz. Comparison of the
calculated absorptic.. coefficlients for *he truncated
chamber (Fig. 7) and the rectangular chamber (Fig. 3)
indicat~s that the effective absorptlon coefficient of
the two configurations are approximatvely the same at all
frequencies. The reverberation time of the truncated
chamber 1s approximately 85% of the reverberation time
of the rectangular chamber in accordance with the depen-
dency of the reverberation time upon the volume to area
ratio of the two chamrers (see Egq. 1).




Sine sweep response. - The sine sweep response of
the truncated chamber is shecwn in Fig. 8. Comparison
of the sine sweep response of the truncatea chamber (Fig. 5}
with the sine sweep response of the rectangular chamber
(Fig. 4) indicates that the truncated shane did noc result
in excessive freqrency irregularity or bunching cof the
chamber resorant frequenciess. Therefore it may be conclucad
that the asymptotic modal denslity expression given LY
Eq. 3 appllies equally well to the trurcated or rectangular
charper if the appropriate volume, surface area, ~ri
intersection length are used.

Spatial variations. - The measured and predlcted spatial
variations for ./10-octave ar.d 1/3-octave band noise
excltation are shown in Filg. 9 for the truncated chamber.
The measured spatial variations 1in both cne-tenth and
one-thlrd octave bands are slightly larger in the truncated
chamber than in the rectangular chamber. In the hixh
modal overlap regime where Eq. 8 applies, the higher spatial
variation results from the decreased reverberaticn time
of the truncuated chamber. In the region of low modal
overlap, M < 1, it has bean shown that the spatlal variation
is inversely proportional to the champer modal densitv.ls
The large.” variations of the truncated chamber in the
low frequency reglime result because the truncated chamber
has slightly less volume and therefore, a smuller mnodel
density th=n the rectangular chamber configuration.

The spatial varlation data presented in Fig. ) 1irdic: ‘e

a change of slope in the frequency range <~ 500 or «,J dz,
which as 1n the case wlth the rectangular chamber corres-
ponds to a modal overlap index of approximately cne-thilrd.

T..e data presented in Figs. 3 through 9 indicate that
the statistical descriptors: one-third onctave band rever-
beration time, asymptctic modal density, and modal overlap
index apply equally well ¢t  truncated and rectangular
chamber; and indicate that e difference in tne shape
of the chaimbers does not significarntly affect the nerfor-
mance of the truncated chamber. The reverberation time,
modal density, and spatial variation data for the w0
chambers pvresented in Figs. 3 thrcugzh G all incicace +
a modal overlap index of appr»oximately one-third cons es
a reasonable value for cal 1lating the Lower cutorf fie-
quency for good statisticai perrormance of the chamber.



TECHNIQUES FCR IMPROVING THE LOW- "PEQUENCY PERFCRMANCE
OF SMALL REVERBERATICi: CHAMBERS

As indicated in the previous chapter, the performance
of & well designed reverberation chamber depends strongly
on the modal overlap index M, which is defined as the
product of the modal b2rdwidth and the modal density.

In the frequency regime where the modal overl.» index is
much less than one, the chamber acoustic fiela is unpre-
dictable and the spatial variations are large; znd in
the frequency regime where the modal overlap index is

of th: order unlty or larger the chamber acoustic field
is well defined in a statistical sense, and the spatial
variations in the acoustic field are relatively small.
Since the acoustic modal density depends primarily on the
chamber volume, Eq. 3, it is common practice to design
very large reverberation chambers in order to obtain

a high value of modal overlap index and hence good per-
formance in the low-frequency regime.

If it were possible to overcome the low-frequency
problem, a small reverberant acoustic chamber would ir
many cases cffer advantages over a large chamber. The
most obvious advantage is cost reduction. 1In a case where
the test 1tem is a relatively small spacecraft or aerospace
component, the costs associated with constructing a large
chamber and procuring the acoustic drivers required to
achieve the specified acoustic levels in a large chamber
can be sufficlently greater than the cost associated with
doing the job in a small chamber. A small chamber also
offers the advantage that it may be converted to a direct
fleld azoustic test facility by adding absorption.

This section describes an investigation of several
technigues for improving the low-frequency performance
of small reverberation chambers. 'The first technique
involves the addition of flexible honeycomb panels to
the chamber in order to increase the apparent acoustic
modal density and,thereby the modal overlap index, at
low frequencies.

The second technique consists of adding absorption
to decrease the reverberation time and thereby 1ncrease
the modal bandwidth and modal overlap index at low frequen-
cies. This technique is not quite as appealing as the 1dea
of increasing modal density because decreasing reverberatiou



time carries with it the penczlty of increasing the high-
frequency spatial variation (see Eq. 8) and also the
penalty of increasing the amount of sound pover reguired
to generate a given sound pressure level in the chamber.
The third technique for improving the low-frequency per-
formance involves the use of electronic feedback devicez
to artificially increase the reverberation time in the
chamber, and the fourth technique ? »>lves the use of
uncorrelated drivers to increase th spati:l unifcrmity
of the response.

Modal Enrichment Panels

In order for modal enrichment paneis to be effective,
it is necessary that the panels couple :ztrongly tc the
acoustic fleld and also exhibit a high --odal density ac
low frequencies. The requirement that the panels couple
strongly to the acoustic field may be expressed analytically
by requiring that the time average energy in a panel

vibration mode ep be approximately equal to the time

average energy in the acoustical mode Ba which drives

the panel. This requirement 1s§/

8 n
R = rad ., (9)

ea nrad + n1nt

where n indicates the radlation loss factor of the

rad
panel and Nynt indicates the internal loss factor of the

panel. Thus for strong coupling, the radiation loss factor
must be of the same order of magnitude as the 1internal

loss factor.
The radiation loss factor of a panel 132/

- pco
nrad waps (10)

where pe is the characteristic acoustic impedance, Pg

is the panel mass per unit area, and ¢ is the radiation
efficiency which depends primarily on the coincldence
frequency of the panel and, in the low-frequency regime,
on the panel boundary conditions. Thus in order for the
panel to be strongly coupled to the acoustic fleld at low
frequencies, the panel must have light surface weight, a
low coincidence frequency, ard small internal damping.
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To meet these conditions one-half inch thick aluminum
honeyc-mb panels with aluminum cores were chosen. The
cross section of a panel is shown in Fig. 10. The face
sheets of the panels are 1/100 in. thick, the honeycomb
core consists of 3/8 in. cells of one mill thickness,
and the combined welight of the surface panels, core,

and adhesive is 0.43 lb/ftz. Four panels are suspended
approximately 6 in. from the four walls, one panel 1is
suspended 6 in. from the ceiling, and one panel 1is supported
on rubber foam approximately 6 in. off the floor as shown

in Fig. 10. The total surface area of the panels, counting

one side, 1s approximately 90 ft2.

The predicted radiation loss factor n of a free-frece

rad
unbaffled honeycomb panel as calculated from Eq. 10 is
shown in Fig. 11. Also shown in Fig. 11 is the measured
total loss factor of the panels (ntotal = Nt nint)'

The total loss factor of a panel was measured by suspending
a panel in an anechoic chamber, exciting the panel with

a shaker excited with an octave band of nolse, and measuring
the decay rate of the panel vibration when the excitation

is terminated. Comparison of the measured total loss factor
with the predicted radiation loss factor indicates that

the predicted radiation loss factor is too large in the
mid-frequency range. The explanation for thils discrepancy
may lie in the fact that the simple bending wave theory

used to calculate the radiation efficiency in Eq. 10

does not apply to the thick panel because of shear effects.
However the calculation and measurements rresented in

Fig. 11 indicate that the coupling and internal loss

factors of the panel are of the same order of magnitude

in the freguency ra2nge 200-1000 Hz and therefore the

panels should be strongly coupled to the reverberant

chamber acoustic field in this frequency regime.

The second requirement for enriching the modal density
is that the panels have a high modal density compared
to the acoustic modal density in the frequency range of

interest. The bending modal density of a panel 1519/
_ S

where x 1s the radius of gyration, Cz is the speed of

longitudinal waves, and S is the total surface area of
the panels. The p&nel modal density c2lculated according

11



tc Eq. 11 with S = 90 sq ft, «x = 1/4 in., and Cy = 17,000

ft/sec 1s shown in Fig. 12 along with the rectangular chamber
acoustic modal density calculated according to the first

term of Eq. 3. The panel modal density 1s equal to the
acoustic modal density at a frequency of approximately

225 Hz. Therefore we may anticipate that at a frequency

of approximately 225 Hz the addition of honeycomb panels
should approximately double the apparent modal density

of the reverberation chamber.

Unfortunately the requirement that the parcls couple
strongly to the acoustic field at low frequencies 1s somewhat
in contradiction to the requirement that the panels have
high modal density at low frequencies, since the recuvirement
for strong coupling requires thick panels in order to
achieve a low colncidence frequency and the requjremant
for high modal denc“ty requires thin flexible parnels.

Ideally 1t would have been advantageous to enrich the modal
density of the honeycomb panels vy the add..ion of secondary
structure using a technique thal. nas been previously

1nvestigated.l;:li/ The results of thils previous research
indicate that it would be possible tc¢ increase the modal
density of the honeycomb panels by as much as a factor

of 10 wrich would extend the frequency range of acoustic
modal enrichment in the present example to a frequency

of approximately 1000 Hz. However the enrichment of the
honeycomb panel modal density was beyond the scope of

the present lnvestigation.

Reverberation time. - The measured reverberation time
and calculated absorption coefficlent for the rectangular
chamber with the modal enrichment panels 1in place 1is shown
in Fig. 13. The addition of the modal enrichment panels
reduced the reverberation t’mes to approximately 50% of
the values for the hard-wall-rectangular chamber (see

Fig. 3).

Sine sw.ep response. - Figure 14 shows the sine sweep
response of the rectangular chamber with the modal enrich-
ment panels 1in place. The experimental setup in this
experiment was the same as in the slne sweep experiment
with the hard-wall rectangular and truncated chamber
configurations. The room was excited with a loud-speaker
placed in one corner of the room, and the room response
was measured with a half-inch microphone placed in the
diagonally opposite corner. Comparison of the sine sweep
response of the rectangular chamber with the modal enrich-
ment panels with the sine sweep response for the hard-wall

12



rectangular chamber (Figs. 14 and 4) indicate that the
addition of the panels resulted in approximately twice

as many peaks in the slne sweep response in the 200 and
250 Hz bands. Thils 1s exactly the frequency regime in
which one would expect the modal enrichment panels to
increase the number of chamber modes, because below 200 Hz
the coupling between the panels and the acoustic fleld

1s small (Fig. 11) and above 250 Hz the room modal density
is larger than the panel modal density (Fig. 12).

Table II shows a comparison of the number of modes
in 1/3-octave bands for the hard-wall and honeycomb panel
rectangular chambers. Column 2 of Table II lists the number
of modes in each 1/3-octave band calculated from the asymp-
totic equation (Eq.3), column 3 lists the peaks counted
in the sine sweep response (Fig. 4) of the hard-wall
chamber using a 3 dB criteria, and column Y4 presents the
peak count for the modally enriched rectangular chamber
sine sweep response (Fig. 14). As indicéated in Fig. 5,
the peak count method does not yield an accurate indica-
tion of the modal density for 1/3-octave bands above the
315 Hz band.

TABLE II. - COMPARISON OF HONEYCOMB PANEL AND HARD WALL
RECTANGULAR CHAMBER MODAL DENSITIES

Number of Modes in 1/3~Octave Bands
1/3-Octave Asymptotic Peak Count Peak Count
Band Center| Calculation for Hard-Wall| for Honeycomb
Frequency for Hard-Wall| Rectangular Panel Rectan-

Rectangular Chamber gular Chamber
Chamber
80 1l 1l 1l
100 1l 1l 2
125 1 2 2
160 3 2 2
200 4 3 6
250 8 6 12
315 14 10 13
400 27 11 19

13



Spatial variations. - The predicted and measured
spatial variations in the rectangular chamber with modal
enrichment panels are presented in Fig. 15 for the cases
of 1/10-octave and 1/3-octave band excitation. Comparison
of the measured spatial variations presented in Fig. 15
with those presented in Fig. 6 indicates that the addition
of the modal enrichment panels significantly decreases
the spatial variations in the frequency regime below
630 Hz for both 1/10 and 1/3 octave band excitation.

This decrease in spatial variation with the modal enrich-
ment panels in place results from two effects: (1) the
increase in the apparent room modal density and (2) the
decrease 1n the reverberation time. The increased absorp-
tlion experiments described in the next section were conducted
in order to 1solate these two effects.

Increased Absorption

A small section of flberglass blanket measuring approxi-
mately 2 ft x 1 ft x 1/2 ft was placed in a corner of
the hard-wall rectangular chamber in order to ilncrease
the absorption without affecting the modal density. The
measured reverberation time with 1/3-octave band exciltation
and the calculated absorption coefficient of the rectangular
chamber with the increased absorption is shown in Fig. 16.
A comparison of Fig. 16 with Fig. 13 indicates that the
reverberation time of the lncreased absorption configuration
is just slightly less than the reverberation time of the
modal enrichment configuration.

The measured and predicted spatial variations of the
increased absorption chamber are shown in Fig. 17. Com-
parison of Figs. 17 and Fig. 6 indicates that the addition
of absorption decreased the spatial variations in the
low-frequency regime below approximately 630 Hz and increased
the spatlal varlations in the high-frequency regime above
630 Hz. To explain this effect notice that the increase
in absorption decreases from 630 Hz to 400 Hz the frequency
at which the modal overlap index 1s equal to 1/3. Thus
the modal overlap regime in which one expects small spatilal
variations is extended frow 630 Hz down to U400 Hz and
the low-frequency spatial variation is thus decreased
by the addition of the increased absorption. However
in the modal overlap regime above U400 Hz, Eq. 8 indicates
that increasing the atsorption increases the spatial varia-
tions. Thus the addition of absorpticn raises the spatial
variations in the high~frequency regime.
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Figure 18 presents the difference in the spatial
varlations measured with the increased absorption and
with the modal enrichment panels for the case of 3/3-
octave band excitation. This difference is interpreted
as evidence that the decrease in the spatial variations
with the modal enrichment panels in place 1is larger than
would be expected on the basis of the panels affecting
the reverberation time alone.

Electronic Feedback

A number of experiments were conducted to investigate
the possibility of using an active electronic feedback
system to artificially increase the reverberation time
and modal density of the chamber. The electronic feedback
network consisted of a delay line, an artificial reverbera-
tlon unit, and a power aunplifier.

In one configuration the input to the feedback network
was provided by a microphone inserted in the chamber and
the output was used to drive an auxlilliary speaker placed
in the chamber. In another configuration the input was
provided by an accelerometer mounted on a 1/16 in. x
4 ft x 4 ft aluminum panel suspended in the chamber and
the output was agaln used to drive an auxilliary speaker.
In a third configuration the 1nput was provided by an
accelerometer mounted on 1/16 in. x 4 ft x 4 ft panel,
and the output was used to drive a shaker attached to a
second panel. In each case the performance of the chamber
evaluated on the basis of reverberation time, sine sweerp
response, and spatial varlations were evaluated usling the
saime speaker excitation and microphone measurement technique
employed in the other experiments described in the report.

The electronic feedback experiments utilizing all three
confilgurations proved unsuited to band limited nolse excita-
tion. When the gain on the feedback amplifier was turned
up sufficiently so that the feedback network would affect
the acoustic performance of the chamber, the feedback loop
would become unstable and amplify only a partlcular frequency
component in the excitation band. It is hypothesized
that the particular frequency component singled out corres-
ponded to a high Q mode of the reverberation chamber.

The situation is completely analogous to the feedback
phenomena which occurs wren the microphone gain in a
public address system 13 turned up too high.
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Multiple Uncorrelated Sources

Several experiments were also conducted to investigate
the effect of multiple uncorrelated sources on the spatial
variations in the chamber response. In the simplest experl-
ment two speakers driven with uncorrelated bands of nolse
were utllized. The measured spatial varliations with the
two uncorrelated speakers are shown in Fig. 19. Comparison
of the data presented in Fig. 19 with the data presented
in Fig. 6 indicates that the use of two uncorrelated
speakers did not significantly improve the spatial variations.

Additional experiments were conducted using several
small shakers to excite the 1/16 in. x 4 ft x 4 ft panel
directly as an alternative to acoustic exclitation. 1In
sine sweep experiments with the panel excited mechanically,
the acoustic response of the chamber showed many peaks
assoclated with resonances of the panel. However when
the panel was driven with small shakers excited with 1/3-
octave bands of random noise, the spatial variations in
the chamber resnonse did not improve over those associated
with the hard wall chamber exclted with a single speaker.

DESIGN OF REVERBERATION CHAMBERS

Design Guldes

The deslign of a reverberation chamber involves an
iterative procedure to find the optimum solution compatible
with several interrelated and often conflicting requirements.
The most important descriptors of the performance of a
reverberation room are the lower cutoff frequency for good
statistical performance, the reverberation time, and the
maximum achlevable sound pressure level.

The lower cutoff frequency determines the frequency
above which the spatial variations in the acoustic field
wlll be relatively small and the test results will be
repeatable and consistent in a statistical sense. The
lower cucvoff frequency also determines the frequency
above which the power delivered by an acoustic driver
will reach the asymptotic value which the driver would
deliver into a progressive wave tube. The reverberation
time 1s an important parameter in determining the lower
cutoff frequency, the power required to attain a given
sound pressure level in the room, and the high~frequency
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spatial variations. The maximum attainable sound pressure
level determines how severe a test environment can be
realized within a glven chamber.

The lower cutoff frequency of a well designed reverbera-
tion room is given by Eq. 6 which may be simplified by
inserting the speed of sound 1n air at standard pressure
and temperature to yleld

£, = 7000[Mr V]2 . (12)

FPilgure 20 presents a nomograph for evaluating Eq. 12

for either a choice of M = 1/3 or M = 1. The results

of this study suggest that the choice M = 1/3 1s adequate,
however the cholce M = 1 1s more conservative.

The reverberation time is given by Eq. 1 which is
based on an effective absorption coefficient including
both the effects of surface absorption and air absorption.
This equation may be rewritten in terms of the surface
absorption coefficlent o and the energy attenuation constant

for alr m as
0.049V
T =3+ g ° (13)

The averapge surface absorntion coefficilent (the averaging
refers to an average over angles of incicérnce) for very
smoothly finished thick concrete walls 1s approximately
0.01. The average surface absorption coefficient for
other types of wall construction is usually a function

of frequency and ranges from approximately 0.01 to 0.1
depending primarlily on the wall surface welght at low 14/
frequencies and the surface finish at high frequencles.,=—
The energy absorption coefficient m depends strongly on
the relative humidity of the air and m frequency as 1llus-

trated in Fip. 22.55/ It is becoming common practice

to use nitrogen 1n lieu of air in reverberation chambers
because the energy attenuation constant for nitrogen

‘s significantly smaller than that for air.

The space average sound pressure level (SPL) is related
to “he sound power level (PWL), the room volume, and the

reverberation time bylézll/
SPL = PWL - 10 1og10 V+ 10 log T + 19.5 , (14)
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where the sound pressure level is in decibels referenced
to 0.0002 microbar, the sound power level 1is in decibels

referenced to 10“13 watts, the room volume 1s in cublic
feet, and the reverberation time 1s in seconds. Figure 22
presents a nomogram for evaluating Eq. 14.

It has been noted that when the sound power level
in Eq. 14 1s evaluated on the basls of measurements of
the sound power delivered by an acoustic driver into a
progressive wave tube, Eq. 14 ylelds a prediction of the
overall sound pressure level in a small reverberation
chamber which 1s approximately 6 decibels higher than

measured.lg/ For this reason at least one manufacturer

of acoustic drivers has recommended a modification of

Eq. 14 in which the numerical factor on the right hand
side is replaced by 13.5. The apparent contradiction
between £Zq. 14 and the results based on measured power
output into a progressive wave tube can be resolved by
hypothesizing that the power output from a high intensity
acoustic driver into a small finite room i5 sometimes
much less than the power out of the same driver into a
progressive wave termination.

Recent analytical worklg/ suggests the followling relation
between the sound power level dellvered to a reverberant
s;oom and the sound power level delivered to a progressive
wave tube by a high intensity acoustic source
M4+ 1
PWL) progrRESSIVE ~ PWL)REVERBERANT = 10 10&(7F—)
WAVE TIIBE ROOM

> (15)

where M 1s the modal overlap index of the reverberant room.
Equation 15 indicates that above the modal overlap fre-
quency (M > 1), the power delivered by the driver to the
reverberant room will be equal to the power dellvered

to the progressive wave tube. However, below the modal
overlap frequency, Eq. 15 indicates that, assuming rever-
beration time constant in frequency, the power delivered

to a reverberant room will fall off 6 dB per octave as

one decreas.-s frequency with respect to that delivered

to a progressive wave tube. The analytical result expressed

in Eq. 15 1is compatible with experimental data.lg/

Figure 23 presents a flow diagram lllustrating the
iterative procedure necessary to deslign a reverberant
room. The box in the upper left hand corner represents
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the low frequency cutoff equation. The inputs to this
equition are the modal overlap index criteria, for example
M = 1/3, and the lower cutoff frequency. Tha upper right
hand box represents the reverberation time equation.

The inputs to this equation are the surface absorption
coefficient, which is determined only by the wall con-
struction material, and the energy absorption constant,
which 1s dependent only on the acoustic medium J11 the
chamber. Simultaneous solution of Fgs. 12 and 13 yields
unique values for the chamber volume and the reverberatlon
time as a function of frequency. If one 1s given volume,
reverberation ti- ., and a specified available sound power
level, the maximum obtalnable acoustic level in the chamber
may be calculated from Eq. 14.

If the resultant sound pressure level is too 1low,
there are three alternatives: (1) increase the amount
of sound power level available, (2) lower the surface
absorption coefficient or the energy attenuation constant
in order to ralse the reverberation time, or (3) settle
for a higher value of the cutoff{ frequency fc which will

in turn decrease the chamber volume and result in higher
sound pressure levels.

The spatial variations at frequencles above the cutoff
frequency may be determined from Eq. 8 and knowledge of
the reverberation time. If the srstial variations are too
large, the reverberation time must be increased by lowerin~
the absorption coefficient of the walls or the energy
attenuation constant.

This iteration procedure might have to be modified
somewhat in a given situation to take into account the
initial constraints. For example, 1n a given situation
1t might be that the volume of the chamber 1s fixed by
space and cost considerations and the sound pressure level
is fixed by test specification. 1In this case, one would
go through the iterative procedure to determine the resul-
tant lower cutoff frequency and the sound power level
required to implement the test.

Predicted Performance of a 2,135 Cubiec Foot Truncated Chamber

Figures 24 and 25 present the predicted performance

of » 2,135 ft3 truncated chamber. The ratio of the dimen-
sions of the truncated chamber are siuanilar to those of
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the small truncated chamber investigated in <his studv,
and the results are used to predict the pe iormance of the

2,135 ft3 chamber. Twc types of wall construction sre
considered: trick concrete and 1/8 in. steel walls.

Figure 24 pre-ents the predicted 1/3-octave band rev~i-
beration times for the concrete wall and steeli wall chambers.
The predicted reverberation times are bas~d on Eg. 13.

The assuwned surface absorption coefficlent fer the concrete
walls 1s assumed to be the same as measured in the modz1
truncated chamter. The concrete walls absorptior ccelfl-
clent varies from .013 in the low frequen.ies to »urexc-
mately .03 in the high-frequency regime. The assumeua wadl
absorption coefficient for the 1.’8 in. steel walles is

taken to be .05 at all frequencies 20/ The reverberation
times of the concrete wall chanber are approximately C
factor of U4 higher than those of a thin walled sieel
chamber 1n the low~frequency regime, a2 4@ the rev.rbere :cn
times of he two cnambers become simlilar i the high-
frequency regime where the effects of air avsorption
dominate.

Figurz 2- presents the precicted spati:” variztions
and the moc -. overlap 1lndex for the concrete and steel
wall configurations. The spatial variations 1in the high-
frequency reg' e are predicted on the basic of Eg. 8 and
the predicted creverberation times presented in IMg. 24.
The predicted spatial varlaticns in the low-frequency

regime are based on the measurements made in tnhe model

*runcated chamber scaled to the 2 (2% ft3 chamber ~n the
basis of modal overlap index. Pr 'ictions presanted 1=
Flg. 2% indicate that the spatial ctandard deviatior will
be avnrox!mately 1,2 to 1/4 nf a dB less in the concrete
wall chamber than in the steel wall chambe.'.

On the basis of Eq. 14 and the reverberation times
presented in Fig. 24, oue would exnect that approximezely
6 4B more sound power level would b~ required to cotairn
a given sound press :re level 1n the steel wall room than
in the thick concrete room in the frequency regl.uc delow
250 Hz. However Egq. 15 indicates that a glven a:2custie
driver will deliver approximately 6 dB mcie acoustic
power at frequencies below 250 Hz 1n the steel wall room
than in the concrete room. Thererure in the luw-freaquency
regime, the effects of the reverberation times on acoustic
power requirements would appear to cancel out. However
in the mid-frequency regime (approximately 600 to 2000 4z),
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Eq. 15 indicates that the power delivered by a given

driver should e the same in the steel or concrete room

and, therefore, in accordance with Eq. 14 the sound pressure
level realizable with a given driver should be approximately
5 to 3 dB greater in the concrete room than in the steel
wall room.

CONCLUSICNS

The results of this study support the followlng con-
clusions:

1. The addition of honeycomb panels to the small
chamber did increase the apparent acoustic model
density and decrease the spatial variations in
the chamber. The panel configuration developed
in this study could be utilized to improve the
performance of future small reverberation chambers.
However the panels could be made more efficient
by: (1) using previcusly developed techniques

to enrich the modal dens*” f the panels and

(2) utilizing baffled pa: with simply supported
edges to increase the panr couplin> to the acoustic
field.

2. The addition of more absorption to the chamber
did decrease the spatlal variations at low fre-
quencies, but rais~3 the spatial variations at
high frequencies.

3. The electronic feedrick techniques did not work
for band limited nolcve excitation because of feed-
back instability at a single frequency.

k., The use of multipie uncorrelated sources did not
decrease the spatial variations measured with
one source.

5. The spatlal variations in sound pressure level
measured 1n the two small reverberation chambers
were relatively small when the modal overlap index
of the chambers exceeded one-third.

6. The back effect of a small reverberation chamber
on the power output from an acoustic source can
be computed based on the modal overlap index
of the chamber.

21



REFERENCES

1. L. W. Sepmeyer, "Computed Freguency and Angular Dis-
tribution of the Normal Modes of Vibration in Rectan-
gular Rooms," J. Acoust. Soe. Am. 37, 3 (1965).

2. L. L. Beranek, Noitse Reducticn (McGraw-H11ll Book
Company, Inc., New York, 1960), p. 235.

2. Reference 2, p. 215.

4y, P. M. Morse, Vibration and Sound (McGraw-Hi1ll Book
Company, Inc., New York, 194§8), Section 32.

5. R. H. Bolt and R. W. Roop. "Frequency Response Fluc-
tuations in Rooms," J. Acoust. Soe. Am., 22, 2 (1956).

6. M. K. Schroeder, "Effect of Frequency and Space Aver-
aging on the Transmlssion Responses of Multimode
Media," J. Acoust. Soe. Am., U6, 2 (1969).

7. R. H. Lyon, "Statistical Analysis of Power Injection
and Response in Structures and Rooms," J. dcoust.
Soe. Am. 45, 3 (1969).

8. R. H. Lyon and G. Maidanik, "Power Flow between Lin-
early Coupled Osecillators," J. Acoust. Soc. Am., 34,
5 (1961).

9. J. E. Manning, R. H. Lyon and T. D. Scharton, "Trans-
mission of Sound and Vibration to a Shroud Enclosed
Spacecraft," BBN Report 1413, submitted to NASA Goddard
Space Flight Center, Greenbelt, Maryland, under Contract
No. NAS5-9001 (15 October 1966),Eq. 23.

10. E. E. Ungar and T. D. Scharton, "Analysis of Vibration
Distributions in Complex Structures," Shoek and Vibra-
tion Bulletin 36, 5 (January 1967), Table 1.

11. T. D. Scharton and T. M. Yang, "Substlitute Acoustic
Tests," Shoek and Vibration Bulletin 38, 1 (1969).

12. T. D. Scharton, "Development of an Impedance Simulation

Vibration Test Fixture for Spacecraft Vibration Tests,"
Shock and Vibration Bulletin, 40, 1 (1970).

22



13.

14,

15.

16.

17.

18.

190

20.

T. D. Scharton, "Development of Improved Vibration
Tests of Spacecraft Assemblles," BBN Report 1702,
submitted to Jet Propulsion Laboratory, Pasadena,
California (1968).

L. L. Beranek, Acoustics (McGraw-Hi11ll Book Company,
Inc., New York, 1i954).

Reference 2, p.

Reference 2, p. 24..

American Standards Association, "American Standard
Method for the Physical Measurement of Sound,"

S1. 2-1962, Eq. 16b.

J. F. Mills, "A Study of Reverberation Chamber Char-
acteristics," Institute of Environmental Scilences
1967 Proceedings, Fig. 10.

T. D. Scharton and P. H. Smith, "The Average Resistance
and Conductance of Vibratory and Acoustic Systems,"
to be pubrlished in the J. Acoust. Soe. 4m.

Private communication with Mr. David Smith, Aerosonlcs
Laboratory, Wright-Patterson Alr Force Base.

23



47"

Inside Dimensions

Height - 76.3 inches
Depth - 49.2 inches
Width - 62.0 inches
Volume - 135 feet 3
Area - 160.5 feet?
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FIGURE 20. CUT-OFF FREQUENCY FOR GOOD STATISTICAL
BEHAVIOR OF REVERBERANT RCOMS {(EQ. 12)



Frequency Normalized Energy Constant

m/f]'45

3x 1078 —

2x 16 ° |

1x10°8

O Beranek Book
A Beranek Notes

i |

FIGURE 21.

20 40 60 80 100
Relative Humidity

ENERGY ATTENUATION CONSTANT FOR AIR



5 —
— 10 —L—IZO o
° -2
6 g
B 6 —2
—4 |8
— - -
— —130
>, —a
L 2 o -
— —6
g ’S :8
— ®
—10* —140 o =
— 8 al tz uj.
[ w
— 6 e — 4 g
—_ - -
e Vv w L SPL 2 T
~ |a > | g o
PS w —
W i e
— 50 <
= w a
] @ |2 w 4
— o | @
> ﬂ - g s
= e [° w |
@) Q x s
@) o —8 |
® 03 Z [—I60 —10
. D __
—8 O }-2
— v
— 6 —4
- —6 2
k_
— 4 -8
- —170 B
—2 —4
-2 4 L
e A-
6
-]
}_
_r-loa -—{80
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